A definite relationship exists between the resistance of leptospires to the antibody-complement system and virulence. Leptospires capable of producing either lethal or renal infections in hamsters or guinea pigs were resistant to the leptospiricidal action of antibody and complement. Avirulent leptospires, in contrast to the virulent organisms, were rapidly immobilized and killed by these serum substances. The change of a virulent culture to the avirulent state as a result of growth in culture media was accompanied by the loss of resistance to antibody and complement. Virulent leptospires were phenotypically altered when grown in the presence of the purine analogue, 8-azaguanine. The cells became sensitive to antibody and complement without a corresponding decrease in virulence. The basis for a leptospiral virulence factor, the ability to multiply in vivo, appears to reside in their capacity to resist the leptospiricidal activity of the host antibody-complement system. The immune leptospiricidal assay provides a simple and rapid method of determining the virulence of a culture.
, and 100 ,g/ml of 5-fluorouracil (9) . Cells used in the test procedures were in the log phase of growth unless otherwise stated. Temperature of incubation was 30 C.
Pooled normal rabbit serum used as a complement source was obtained from adult New Zealand rabbits. Normal rabbit serum was harvested, adjusted to pH 7.3 with 1 N HCl, and sterilized by filtration through a Seitz filter at 5 to 10 C. The sterilized serum was divided into 5-ml portions and stored at -50 C. For the production of immune sera, New Zealand rabbits were injected intraperitoneally with 25 ml of viable, 5-to 7-day-old cultures of leptospires (2 X 108 to 6 X 108 leptospires per milliliter) twice at weekly intervals. The rabbits were bled 10 days after the final injection; sera were harvested, heated at 56 C for 30 min, sterilized by filtration, and stored at -20 C. The diluent, albumin-saline, contained 0.85% NaCI and 0.5% Bovine albumin (Cohn fraction V, Pentex, Inc., Kankakee, Ill.).
The immune leptospiricidal assay for titration of antibody was performed in the following manner. A 3-to 5-day-old culture was diluted to a cell concentration of approximately 3 X 107 leptospires per milliliter. A 0.2-ml amount of this cell suspension, 0.2 ml of normal rabbit serum (source of complement), and 0.2 ml of antiserum were diluted to a final volume of 2 ml with albumin-saline. Reagents were mixed and incubated at 37 C for 3 hr. At the end of JOHNSON AND HARRIS 5 ml of growth medium was added to each tube for assay of surviving organisms. The 
RESULTS
Twenty-four cultures of pathogenic Leptospira were tested with homologous antiserum for agglutination and for leptospiricidal action in conjunction with complement. Leptospires were also assayed for animal virulence by intraperitoneal inoculation into 21-day-old hamsters. Nine of the cultures tested were incapable of producing either lethal or renal infections. These cultures, which had an ID50 > 2 X 108 were tested for sensitivity to the antibody-complement system ( Table 1 ). All the dilutions of antisera that caused agglutination of the majority of cells were leptospiricidal in the presence of complement. In the lower dilutions of antiserum, 99 to 100% of the leptospires were killed. The other 15 cultures were capable of producing either a renal (Table 2) or lethal infection in hamsters ( Table 3 ). The cells from these cultures were agglutinated by antisera, as were those from the avirulent cultures. In contrast to the avirulent organisms, a large proportion of the virulent cells were resistant to the antibody-complement system (Table 2 and 3). Up to 99% of these cells survived in the lower dilutions of antiserum. Increasing the concentration of complement from 10 to 40%, extending the incubation time from 3 to 24 hr, or varying the cell age from 2 to 14 days did not sigifticantly alter the percentage of surviving leptospires.
Whether a correlation between leptospiral virulence and resistance to antibody and complement would apply to animals other than the hamster was investigated. Seven young male guinea pigs were injected intraperitoneally with 108 cells of L. icterohaemorrhagiae W39. These leptospires were resistant to the complement system and produced a renal infection in all the test animals. Cells of L. icterohaemorrhagiae M20 were sensitive to the antibody-complement system and avirulent for the guinea pig. Thus, a definite relationship exists between resistance to complement and virulence in both the hamster and the guinea pig.
The experiments relating virulence and resistance of sensitized cells to complement were performed with strain-specific antisera. The possibility that antisera produced against either virulent or avirulent leptospires would function satisfactorily in this system was investigated. Antisera were prepared with living virulent and avirulent strains of L. canicola. No significant differences in the response of L. canicola VS31 (virulent) and L. canicola Hond Utrecht IV (avirulent) to the two antisera were observed (Table 4) . Similar results were obtained with other virulent and avirulent strains of leptospires. Hence, antisera produced against either a virulent or avirulent strain can be used in the immune leptospiricidal assay. In addition, these results suggest that antigenic differences between these leptospires may be quantitative rather than qualitative. (Table 5) than that previously reported (8). Consequently, the differential susceptibility of avirulent and virulent leptospires to complement when sensitized by immune antibody was observed also when these cells were sensitized by normal antibody.
It was not always possible to determine the degree of virulence of a culture on the basis of resistance to the complement system. A high degree of resistance was displayed both by some of the renaltrophic leptospires and by those producing a lethal infection (Tables 2 and 3) .
Virulence of leptospires is frequently decreased after a number of transfers in growth media. These cultures usually contain a small proportion of virulent cells and do not produce a lethal infection. Modification of virulence by either animal passage or continued subculturing in growth media was investigated by use of the leptospiricidal assay. The alteration of the virulence of L. icterohaemorrhagiae AQ is shown in Table 6 . The culture, when first tested, had been transferred a number of times in growth medium since animal isolation. Only 5 to 10% of these cells were resistant to the antibody-complement system, and they only produced a renal infection (Table 6) The adult rabbit and hamster differ markedly in susceptibility to leptospiral infection: the rabbit is resistant and the hamster is very susceptible. The possibility of a difference in the leptospiricidal activity of the antibodies or complement produced in these two animals was investigated. The rabbit antiserum was prepared with living, virulent leptospires as described in Materials and Methods. Antisera were obtained from hamsters having a renal infection. As seen in Table 7 , the hamster antibodies gave the same differential response as rabbit antibodies with virulent and avirulent leptospires. The avirulent leptospires were killed in the presence of antibody and complement, whereas the virulent leptospires were not. Both hamster and rabbit complement were leptospiricidal for sensitized avirulent cells and were without observable activity against sensitized virulent organisms. Pathogenic leptospires are inhibited by the purine analogue, 8-azaguanine (10) . Some growth (approximately two generations) occurs before cell multiplication is inhibited. Cells grown in the presence of 8-azaguanine were assayed for changes in virulence and sensitivity to the antibody-complement system (Table 8 ). Cells originally resistant to antibody and complement be- came sensitive after 8-azaguanine treatment. This suggested that 8-azaguanine altered the cell's surface in some way and, consequently, its virulence. Animal infectivity studies indicated that this alteration of the cell was of a temporary nature (phenotypic). The 8-azaguanine-treated cells which were sensitive to the antibody-complement system did not differ in animal virulence from the original untreated cells which were resistant to antibody-complement. In addition, the leptospires isolated from the moribund hamsters were again resistant to antibody and complement. This suggested that the treated cells had sufficient time to "repair" themselves (become resistant to antibody-complement) in vivo before lethal concentrations of antibody were produced.
DIscUSSION
Intravenously injected leptospires are rapidly removed from the blood stream. Presumably this clearing is due to the phagocytic action of the reticuloendothelial system (3). Although the phagocytic cells engulf both virulent and avirulent leptospires equally well (4), after approximately 24 to 72 hr the virulent leptospires have multiplied sufficiently that they can be isolated from the blood in increasing numbers. These virulent organisms continue to multiply and usually produce an acute infection. In contrast to the virulent leptospires, avirulent organisms can no longer be isolated from the infected animal at 24 to 72 hr postinjection. Thus, the virulent leptospires are able to survive and multiply within the host, whereas avirulent leptospires cannot.
The results reported here on the antileptospiral activity of immune serum provide a basis for the differential survival of these leptospires in the host. It was established that avirulent leptospires are killed by the antibody-complement system whereas the virulent leptospires are resistant to its action. Leptospiral antibodies appear within 48 to 72 hr postinjection (2, 12) , and this corresponds to the time (24 to 72 hr) when avirulent leptospires can no longer be isolated from the infected animal. Thus, survival of the pathogenic leptospires in the host can be directly related to their resistance to the antibody-complement system.
Virulent leptospires can multiply in the presence of antibody and complement. However, the rate of their multiplication [generation time in vivo, approximately 8 hr (1)] and the rate and quantity of antibody formed [antigen dose-dependent (1, 6) ] are critical factors which influence the outcome of the leptospire-host confrontation. Although virulent leptospires can multiply in the presence of antibody and complement, they grow as agglutinated masses when the antibody concentration is sufficiently high. In this form, it appears they are rapidly removed from the blood and other body fluids by phagocytes and are destroyed by these cells (4) . Thus, if sufficient antibody is present early in the infection, the leptospires are removed and destroyed before lethal effects or renal infection can occur. This effect was observed in the virulence titration of two strains of L. pomona. These strains were considered to be of low virulence since they were unable to produce a lethal infection regardless of the number of cells injected. When a large quantity of antigen (108 or 107 leptospires) was injected into hamsters, neither a lethal nor a renal infection was produced. However, a lesser amount of antigen (106 or 105 leptospires) produced a renal infection. These results suggest that, with the larger amount of antigen, sufficient antibody was formed early in the disease to prevent the development of a renal infection with leptospires of low virulence.
It was previously reported (8) that normal rabbit serum could be used to differentiate the nonpathogenic (saprophytic) leptospires from the pathogenic leptospires. The cells of the nonpathogens were very sensitive to the leptospiricidal activity of normal serum, whereas those of the pathogens were comparatively resistant. In one pool of normal rabbit serum, leptospiricidal activity against the pathogenic serotypes was observed. As with the immune system, the avirulent leptospires were sensitive to the action of normal serum and the virulent leptospires were resistant. No agglutination of the leptospires occurred in this serum, and the leptospiricidal activity was destroyed upon heating at 56 C for 30 min. This pool of normal rabbit serum did not possess any greater activity against the nonpathogens than that observed in previous pools. These results demonstrate the variability of normal antibodies present in mammalian sera and the broad spectrum of leptospiral sensitivity to these serum substances.
The basis for the differential sensitivity of the virulent and avirulent leptospires to the antibody complement system is presently under investigation. It is suspected that antibody-complement resistance is associated with surface antigens, as has been observed with the gram-negative bacteria (13) . With the leptospires, the possibility exists that the difference in sensitivity to antibody and complement is a reflection of quantitative differences in surface antigens rather than qualitative ones. Attempts to demonstrate antigenic differences between virulent and avirulent lepto- 
